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Production and Detection of Axion-Like Particles at the VUV-FEL: 

Letter of Intent 

Ulrich KotzQ Andreas Ringwald''^^ and Thomas TschcntscheJI 

Deutsches Elektronen-Synchrotron DESY, Notkestrafle 85, D-22607 Hamburg, Germany 

Recently, the PVLAS collaboration has reported evidence for an anomalously large rotation of the 
polarization of light generated in vacuum in the presence of a transverse magnetic field. This may be 
explained through the production of a new light spin-zero particle coupled to two photons. In this 
Letter of Intent, we propose to test this hypothesis by setting up a photon regeneration experiment 
which exploits the photon beam of the Vacuum-Ultra Violet Free-Electron Laser VUV-FEL, sent 
along the transverse magnetic field of a linear arrangement of dipole magnets of size _B L « 30 Tm. 
The high photon energies available at the VUV-FEL increase substantially the expected photon 
regeneration rate in the mass range implied by the PVLAS anomaly, in comparison to the rate 
expected at visible lasers of similar power. We find that the particle interpretation of the PVLAS 
result can be tested within a short running period. The pseudoscalar vs. scalar nature can be 
determined by varying the direction of the magnetic field with respect to the laser polarization. 
The mass of the particle can be measured by running at different photon energies. The proposed 
experiment offers a window of opportunity for a firm establishment or exclusion of the particle 
interpretation of the PVLAS anomaly before other experiments can compete. 
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INTRODUCTION AND MOTIVATION 

New very light spin-zero particles which are very 
weakly coupled to ordinary matter arc predicted in many 
models beyond the Standard Model. Such light particles 
arise if there is a global continuous symmetry in the the- 
ory that is spontaneously broken in the vacuum — a 
notable example being the axion , a pseudoscalar par- 
ticle arising from the breaking of a U(l) Peccei-Quinn 
symmetry introduced to explain the absence of CP 
violation in strong interactions. Such axion-like pseu- 
doscalars couple to two photons via 

C^^^^-^g<j>F^,F'''' ^g<f>E-B, (1) 

where g is the coupling, (j) is the field corresponding to 
the particle, F^i, {F'^") is the (dual) electromagnetic field 
strength tensor, and E and B are the electric and mag- 
netic fields, respectively. In the case of a scalar particle 
coupling to two photons, the interaction reads 



E^ - 



(2) 



Both effective interactions give rise to similar observable 
effects. In particular, in the presence of an external mag- 
netic field, a photon of frequency u may oscillate into a 
light spin-zero particle of small mass < to, and vice 
versa. The notable difference between a pseudoscalar and 
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FIG. I: Schematic view of (pseudo-) scalar production 
through photon conversion in a magnetic field (left), sub- 
sequent travel through a wall, and final detection through 
photon regeneration (right). 



a scalar is that it is the component of the photon polar- 
ization parallel to the magnetic field that interacts in the 
former case, whereas it is the perpendicular component 
in the latter case. 

The exploitation of this mechanism is the basic idea 
behind photon regeneration (sometimes called "light 
shining through walls") experiments 0, 0, see Fig. ^ 
Namely, if a beam of photons is shone across a mag- 
netic field, a fraction of these photons will turn into 
(pseudo- )scalars. This (pscudo-)scalar beam can then 
propagate freely through a wall or another obstruction 
without being absorbed, and finally another magnetic 
field located on the other side of the wall can transform 
some of these (pseudo- )scalars into photons — appar- 
ently regenerating these photons out of nothing. A pilot 
experiment of this type was carried out in Brookhaven 
using two prototype magnets for the Colliding Beam Ac- 
celerator [Sj. From the non-observation of photon re- 
generation, the Brookhaven-Fermilab-Rochester- Trieste 
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FIG. 2: Two photon coupling g of the (pseudo-) scalar ver- 
sus its mass m^. The upper limits from BFRT data on 
polarization (rotation and ellipticity data; 95 % confidence 
level) and photon regeneration (95 % confidence level) are dis- 
played as thick dots. The preferred values corresponding to 
the anomalous rotation signal observed by PVLAS Q are 
shown as a thick solid line. The projected 95 % confidence 
level upper limit which can be obtained with the proposed 
experiment (see text) is drawn as a dashed-dotted line. 



(BFRT) collaboration excluded values of the coupling 
g < 6.7 X 10-'^ GcY-\ for m0<lO-3 eV (cf. Fig.©, 
at the 90 % confidence level. 

Recently, the PVLAS collaboration has reported an 
anomalous signal in measurements of the rotation of the 
polarization of photons in a magnetic field . A possi- 
ble explanation of such an apparent vacuum magnetic 
dichroism is through the production of a light pseu- 
doscalar or scalar, coupled to photons through Eq. 
or Eq. iPJ, respectively. Accordingly, photons polarized 
parallel (pseudoscalar) or perpendicular (scalar) to the 
magnetic field disappear, leading to a rotation of the po- 
larization plane U- The region quoted in Ref. that 
might explain the observed signal is 

1.7 X 10"^ GeV"^ < g < 5.0 x 10"^ GeV~\ (3) 
1.0 x 10"^ eV < ?7i0 < 1.5 X 10~3 eV, (4) 

obtained from a combination of previous limits on g vs. 

from a similar, but less sensitive polarization exper- 
iment performed by the BFRT collaboration and the 
g vs. curve corresponding to the PVLAS signal (cf. 

Fig. Ell. 

A particle with these properties presents a theoreti- 
cal challenge. It is hardly compatible with a genuine 
QCD axion. Moreover, it must have very peculiar prop- 
erties in order to evade the strong constraints on g from 
stellar energy loss considerations 0| and from its non- 
observation in helioscopes such as the CERN Axion So- 
lar Telescope [HIlll (cf. Fig. El). Its production in stars 



FIG. 3: Exclusion region in mass vs. coupling g for 
various current and future experiments. The laser experi- 
ments 0,0 aim at (pseudo-)scalar production and detection 
in the laboratory. The galactic dark matter experiments [l^ 
exploit microwave cavities to detect pseudoscalars under the 
assumption that these pseudoscalars are the dominant con- 
stituents of our galactic halo, and the solar experiments search 
for axions from the sun [loll . The constraint from horizontal 
branch (HB) stars arises from a consideration of stellar 
energy losses through (pseudo-)scalar production. The pre- 
dictions from two quite distinct QCD axion models, namely 
the KSVZ O (or hadronic) and the DFSZ [3 (or grand 
unified) one, are also shown. 



may be hindered, for example, if the (jjjj vertex is sup- 
pressed at keV energies due to low scale compositeness of 
4>, or if, in stellar interiors, (f) acquires an effective mass 
larger than the typical photon energy, keV, or if the 
particles are trapped within stars ll5j, |l6j, |l3 . 

Clearly, an independent and decisive experimental test 
of the pseudoscalar interpretation of the PVLAS obser- 
vation, without reference to axion production in stars 
(see ^3,^3) I is urgently needed. In Ref. [23, one of us 
(AR) was involved in the consideration of the possibil- 
ity of exploiting powerful high-energy free-electron lasers 
(FEL) in a photon regeneration experiment^ to probe 
the region where the PVLAS signal could be explained 
in terms of the production of a light spin-zero particle. In 
particular, it was emphasized that the free-electron laser 
VUV-FEL at DESY, which is designed to provide 
tunable radiation from the vacuum-ultraviolet (VUV; 10 
eV) to soft X-rays (200 eV), will offer a unique and timely 
opportunity to probe the PVLAS result. Notably, the 
high photon energies available at the VUV-FEL increase 
substantially the expected photon regeneration rate in 
the mass range implied by the PVLAS anomaly, in com- 
parison to the one expected at visible 1 eV) lasers. In 



This idea has been considered first in Ref. |21| . 
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TABLE L Achieved (2005) and expected (2007) VUV-FEL 
parameters. 



to the magnet and 







2005 


2007 


Bunch separation 


[ns] 


1000 


1000 


Bunches per train 


# 


30 


800 


Repetition rate 




5 


10 


Photon wavelength 


[nm] 


32 


32 


Photon energy 


[eV] 


38.7 


38.7 


Energy per pulse 


\pj] 


10 


50 


Photons per pulse 


# 


1.6 X 10^^ 


8.1 X 10^^ 


Average flux 




2.4 X 10" 


6.5 X 10^*^ 



this Letter of Intent, we propose a corresponding photon 
regeneration experiment. 



PHOTON REGENERATION AT THE VUV-FEL 

The proposed experiment is based on the assump- 
tion that the VUV-FEL can deliver photons with an 
energy oj = 38.7 eV and an average photon flux A^o = 
6.5 X lO^^s-i (cf. Table P). For the proposed photon 
regeneration experiment at the VUV-FEL, we study a 
linear arrangement of 12 normal conducting dipole mag- 
nets which are freely available at DESY^. Each of these 
magnets has a magnetic field of 2.24 T and an integrated 
magnetic length of 1.029 m. The default arrangement 
consists of six plus six magnets, the beam absorber be- 
ing placed between the first and second six. This ar- 
rangement corresponds to a magnetic field region of size 
BL = 2B£ = 27.66 Tm. The proposed configuration is 
too large to fit into the VUV-FEL experimental hall. It 
has to be built on the ground before the entrance. Cor- 
respondingly, the EEL beam line has to be extended to 
the proposed experiment. 

The photons leave the VUV-FEL with horizontal linear 
polarization. In order to have a maximal coupling with 
a possible pscudoscalar/scalar, the magnetic field B of 
the magnets before the absorber should lie in the hori- 
zontal/perpendicular direction. We therefore foresee to 
exploit both possibilities of the magnetic field direction. 

For the proposed experiment, the expected flux of re- 
generated photons is 



Nf^lx 10~* s-'^F^iqi) 



No 



6.5 X IQi*' s- 



B 



6m, 



,10-6GcV-V V2-24T 
where q = m^/(2a>) (<i; m^) is the momentum transfer 



F{q£) 



(6) 



is a form factor which reduces to unity for small ql, cor- 
responding to large lo (cf. Fig. 0} or small m^, 



2-KL 



= 3 X 10^3 cVi 



UJ 



^38.7eV 



For smaller w or larger m^, incoherence effects set in 
between the (pseudo-)scalar and the photon, the form 
factor getting much smaller than unity, severely reducing 
the regenerated photon flux (0) (cf. Fig. 0)). Therefore, 
a photon regeneration experiment exploiting the VUV- 
FEL beam has a unique advantage when compared to 
one using an ordinary laser operating near the visible 
iu) ^ 1 eV) : the sensitivity of the former extends to much 
larger masses'^. In particular, the mass range Q implied 
by PVLAS is entirely covered, for u> = 38.7 eV photons 
(cf. Eq. 0). 

In case a signal is found, one may use the possibility to 
tune the photon energy for a determination of the mass 




FIG. 4: The second power of the form factor F, Eq. 
as a function of the laser frequency uj, for fixed length I = 
6 m of the magnetic field region and different values of the 
pseudoscalar mass m^, corresponding to the central value, 
= 1.35 meV (solid), the lower value, = 0.7 meV (short 
dashed), and the upper value, = 2.0 meV (long dashed), 
of the range 1^ suggested by PVLAS. 



An option to use superconducting magnets is under study. 



Running at conventional synchrotron radiation sources can ex- 
tend the accessible mass range by more than an order of mag- 
nitude. However, they do not bring an advantage in terms of 
average photon flux. But the continuous energy spectrum of the 
conventional synchrotron radiation reaching to high energies will 
result in a much larger background. 
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of the particle. This is done by lowering the energy of the 
FEL photons and observing the on-set of the incoherence 
expected around uj « rn^^ljlix. A determination of the 
form factor F as a function of lo (cf. Fig. Q will allow an 
extraction of m^. 

EXPECTED RESULTS 

The flux prediction Q uses the benchmark values for 
the VUV-FEL flux and for the proposed magnetic field 
arrangement. For g and in the parameter region pre- 
ferred by PVLAS, Eqs. Q and Q), this results in a rate 
of regenerated photons ranging from about 1 niHz up to 
1 Hz. 

The very low predicted rates require therefore a detec- 
tor system with 

• a large single photon efficiency at ^ 40 eV, 

• a short response time, 

• and a low noise rate. 

Three detector options are being considered: electron 
multipliers, multi-channel plates, and avalanche photo 
diodes. One manufacturer quotes an efficiency of about 
7% for electron multipliers. For the two other options, 
extrapolations point to a value of around 10 %. All three 
detectors show a response time in the 10 ns range. This 
short response time allows a reduction of the noise rate 
by timing, exploiting the time structure of the photon 
beam. These detector performances, in particular the ef- 
ficiencies and the response time, have to be studied at a 
beamline of the VUV-FEL as soon as possible. At the 
same time, the general background rates in the VUV- 
FEL environment have to be studied as well. 

In the case of a non-observation of photon regenera- 
tion, for an assumed running time of 12 x 12 h with an 
average photon flux of TVo = 6.5xl0^^s^^ atcj = 38.7 eV, 
a 7% single photon efficiency and zero background, the 
proposed experiment can establish a 95% confidence limit 
of 5 < 8.8x10"'^ GeV"\ for < SxlO^^^v. In partic- 
ular, the experiment is expected to be able to firmly ex- 
clude the particle interpretation of the PVLAS anomaly 
and to improve the current laboratory bound on g in the 
TO^ >10-3 eV range (cf. Fig.|21). 

CONCLUSIONS 

The proposed experiment offers a window of opportu- 
nity for a firm establishment or exclusion of the particle 
interpretation of the PVLAS anomaly in the near future. 
It takes essential advantage of unique properties of the 
VUV-FEL beam. The available VUV-FEL photon ener- 
gies are just in the range where the photon regeneration 



rate is most sensitive to the hypothetical particle's mass. 
Moreover, the well-defined beam of the VUV-FEL will 
not produce beam-related backgrounds. 

The experiment should be done soon, before other ex- 
periments m m m ill can compete. A first step to- 
wards this goal is the study of possible detectors and 
their background rates. Finally, the proposed experiment 
could serve also as a test facility for an ambitious large 
scale photon regeneration experiment |2^ . 
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